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Abstract 
Artemisinin in combination with another drug is the best current antimalarial therapy. 
Dried leaves of Artemisia annua from which artemisinin is extracted and purified may offer a 
better treatment. We used GC-MS and the AlCl3 assay to measure the stability of artemisinin and 
flavonoids in dried leaves after wetting and with long term dry storage. Neither 24 hour water 
immersion nor long term dry storage affected artemisinin stability. Short-term drying showed a 
drop in flavonoid stability initially and then a gradual increase in total flavonoid levels after 
sixteen weeks of storage. 
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A. The Problem and Its Significance. 
In 2012, about 3.4 billion people, nearly half of the estimated global population, lived at 
risk of malaria. Currently, 104 countries and territories consider malaria to be an endemic 
(WHO, 2013). About 1.2 billion of this estimated population was considered to be at high risk, 
with their regions reporting more than one case in every 1,000 people. Most lived in either 
South-East Asia or sub-Saharan Africa. The World Health Organization (WHO) estimated that 
there were about 207 million cases of malaria worldwide, with 80% of reported cases occurring 
in sub-Saharan Africa (WHO, 2013). The WHO also estimated that there were 627,000 lethal 
cases in 2012, 90% of which occurred in sub-Saharan Africa. The vast majority of lethal cases, 
as high as 77%, were in children under five years of age. Children under five faced more risk 
than adults due to having a developing immune system that leaves them more susceptible to 
infection. Many also do not have access to proper nutrition, especially if they live in the poorer 
parts of the region. Effective treatment for children has also brought new issues to light. Many 
are not old enough to swallow pills and non-encapsulated medications are difficult to deliver 
properly as young children do not like to eat anything with a bitter taste, which is a common 
property of prospective therapies formed around edible Artemisia annua.  
Malaria is caused by a genus of parasites called Plasmodium, of which five species are 
known; P. vivax, P. ovale, P. malaria, P. knowlesi, and the most virulent, P. falciparum (CDC, 
2013). This parasite relies on two hosts; the primary host is the female Anopheles mosquito that 
carries sporozoites and inoculates the secondary human host during feeding. The Anopheles 
mosquito is part of what places equatorial regions at a higher risk due to its reproductive 
patterns, which require the non-moving bodies of water and warm, humid climate that are found 
at latitudes near the equator throughout the year.  Most sporozoites follow an asexual 
reproduction cycle with two stages, exo-erythrocytic and the erythrocytic (CDC, 2013). Once 
introduced the sporozoites are transported through the blood stream and mature in the liver into 
schizonts, which reproduce until they become large enough to rupture the host cell. 
 
Abbreviations 
AN, artemisinin; POD, peroxidase; APX, ascorbate peroxidase; GPX, Guaiacol Peroxidase; 
WHO, World Health Organization; ADS, Amorpha-4,11-Diene Synthase; FPP, Farnesyl 
Pyrophosphate; FPPS, Farnesyl Diphosphate Synthase; SERCA, Sarco/Endoplasmic Reticulum; 
DHAA, Dihydroartemisinic Acid; ACT, Artemisinin-Based Combination Therapies; PACT, 
plant-based ACT 
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This causes a release of merozoites that in turn move into the red blood cells and develop into 
ring-stage trophozoites. Once mature, the trophozoites either form schizonts to continue the 
erythrocytic cycle or form gametocytes that progress into a sporogenic cycle, which occurs after 
being transferred to a new mosquito host.  It is the stages of the cycle that are present in the 
blood stream that can cause fever and other flu-like symptoms as well as hemolytic anemia 
(CDC, 2013). The P. falciparum species is the most likely species to progress past these common 
symptoms to the severe and potentially fatal form of the disease called cerebral malaria that 
affects the central nervous system. 
The drugs of choice for treating malaria have commonly been chloroquine, mefloquine, 
or combinations of quinine with tetracycline, however most parasite strains have become 
resistant to many of these treatments (Phyo et al., 2012). This resistance spurred an increased 
interest in the plant Artemisia annua L., the source of a traditional Chinese medicine called 
‘Qing Hao’ that has been used for centuries to treat fevers and other malaria symptoms. In the 
1970s it was found that the active drug responsible for the antimalarial properties was 
artemisinin (AN) (Willcox et al., 2004), a sesquiterpene lactone, which contains an endoperoxide 
bridge that is essential to the efficacy of artemisinin against Plasmodium species (Figure 1). 
Further research has also shown that AN can be used in combination with other drugs to treat 
some cancers as well as leishmaniasis (Sen et al., 2007).  AN is currently the most effective 
treatment for malaria in the form of ACTs, or Artemisinin-based Combination Therapies. While 
these therapies lack the drug resistance of older methods, they tend to be too expensive for those 
in the areas of highest risk of infection like sub-Saharan Africa. Due to the low solubility of AN 
many of these treatments use semi-synthetic derivatives of AN such as artemether, arteether, or 
artesunate (Bégué et al., 2005). 
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Figure 1: Chemical Structure of Artemisinin 
 
In a 2013 report on malaria, the WHO reported that resistance to AN has begun to 
develop in four countries in the Greater Mekong Subregion (Dondorp et al., 2009; Phyo et al., 
2012). This is harmful due to the existing resistance to older antimalarial treatments such as 
quinine and is likely caused by the lack of patient adherence to the multi-day drug treatment 
regimen and the use of non-combination treatments. Both of these problems are the results of 
poverty and inadequate patient education. The rapid initial clearing of clinical symptoms results 
in patients assuming they are cured and thus they do not feel they need to finish the seven-day 
regimen. In an attempt to control this resistance, the WHO Member States adopted the World 
Health Assembly resolution 60.18, calling for the world-wide removal of oral AN-based 
monotherapies from the market with a strict specification of what monotherapies could still be 
sold for the treatment of severe malaria (WHA, 2007). The WHO later released warnings about 
the use of A. annua as an herbal tea being a potential monotherapy after the high costs of the 
ACTs led patients to seek less expensive ways to treat themselves. The warning was issued with 
the fear that the use of the tea or other herbal A. annua may help accelerate the development of 
resistance instead of being a prophylactic or therapeutic against malaria. 
 In 2010 the families of children in Ghana coming to the hospital for malaria tests were 
surveyed. Factors including household size and income were measured, and 1,496 interviews 
showed a statistically significant association between poverty and risk for malaria (Krefis et al., 
2010). Due to this high correlation between groups at highest malaria risk and the rate of 
poverty, investigators have been trying to find a more cost effective method of treating malaria 
than the expensive ACTs. Even after pharmaceutical companies producing the ACTs agreed to a 
subsidy, the cost to treat a child up to seven years old can cost 10% of a Tanzanian family’s total 
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monthly income (Mutabingwa, 2005). Part of what makes these treatments so expensive is the 
high demand for artemisinin and the low in planta production (Kindermans et al., 2007). 
Additionally there are added costs from producing and adding the co-drug.  
One alternative is the use of A. annua as a dried whole-leaf treatment rather than 
extracting only the artemisinin; this method showed increased anti-malarial activity compared to 
the purified drug (Elfawal et al., 2012). The hope with the plant based artemisinin combination 
therapy (pACT) is that the costs of production can be minimized, and that the use of the plant 
material itself will bring previously unused components that will aid the essential artemisinin 
against the Plasmodium parasite. A recent study tested the efficacy of a whole-plant treatment 
using dried leaves from A. annua in Plasmodium chabaudi-infected mice versus the effect of the 
treatment in uninfected mice. They concluded that the oral delivery of dried leaves delivered 
more AN into the bloodstream than the delivery of unaccompanied AN (Weathers et al, 2011a; 
Weathers et al., 2014b). 
If dried leaves of A. annua were to be used as a therapeutic, many aspects of production 
and delivery must be assessed besides efficacy, so studies on the shelf life of artemisinin in A. 
annua were conducted. With support from the Medicines for Malaria Venture, Xavier Simonnet 
(2010; Médiplant, unpublished results) conducted a study of harvest and post-harvest treatments 
of A. annua with the goal of finding practical drying and storage methods for producers of A. 
annua, with the focus being the preservation of artemisinin content in the harvested material. 
Their trials from 2008-2009 measured the effect of storage of the plant material as either leaves 
or powder in different relative levels of moisture and oxygen, as well as the presence or absence 
of light and positioning of freshly harvested plants during drying.  That report was a continuation 
of prior trials from 2007, which suggested that drying temperatures above 30-40⁰C or early 
damage to the fresh material can result in artemisinin loss.  
The 2007 and 2008 trials also showed no loss in AN for the first four months of storage 
in either form when stored as whole leaves between 20-40⁰C with 10-30% relative humidity, and 
no loss for the first twelve months when stored at 20-30⁰C. Powdered leaves showed loss of AN 
content at the end of five months when stored at 20⁰C, and after only one month at 30⁰C. 
Another part of the study observed the effect of a twelve-hour photoperiod on the drying process 
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to show any changes in post-harvest artemisinin content. The study concluded that light did not 
appear to have any statistically significant effect on the AN content after two weeks of drying. 
  In Simonnet’s four-part study, the contents of metabolites beyond artemisinin were only 
observed for the field drying trials. As a result we have a better understanding of how storage 
conditions can affect AN content, but no such knowledge of the effect on secondary metabolites 
such as flavonoids. In order to address this issue, part of our project was to test some of these 
storage conditions that did not show short-term AN degradation and observe the changes in the 
amount of flavonoids present.  
In 2010 a similar study was done by Ferreira and Luthria, field-grown A. annua was 
harvested and dried in order to determine the ideal drying method for the preservation of AN, its 
precursors, and the antioxidant capacity of the plant material. That study compared the effects of 
four drying methods: freeze drying, oven drying at 45⁰C, field drying in direct sunlight, and field 
drying in the shade. Plants were left for 1-3 weeks in the field for the shade and sun drying 
methods, and samples that were oven dried were left for 12-16 hours. Previously collected 
samples had been freeze dried to be used as control samples. Dried samples were then extracted 
and analyzed for AN, dihydroartemisinic acid (DHAA), and artemisinic acid (AA) content by 
HPLC with UV detection or were analyzed using a Ferric Reducing Antioxidant Power (FRAP) 
assay to determine their antioxidant capacity. Their analyses showed that the samples dried in the 
sun or shade had a significant increase in AN, and that both of these methods were preferable to 
oven drying. All conventional methods had a greater increase in AN than freeze dried samples. 
Their findings also supported the hypothesis that DHAA is the main precursor to AN as the 
samples that were sundried, which had the highest increase in AN, showed the greatest decrease 
in DHAA concentration. This result suggested that DHAA was being photo-oxidized into 
dihydroartemisinic acid hydroperoxide and then oxidized further to artemisinin. This decrease 
was not seen in freeze dried or oven dried samples as this reaction required exposure to a 
stronger light source than provided by either darkness or sunlight. They also analyzed changes in 
antioxidant capacity over the course of the three weeks of drying, and found that the ideal drying 
method for antioxidant preservation was the oven drying method at about 45⁰C, while the ideal 
methods for increasing AN post-harvest were sun or shade drying. By taking samples during 
each week of the drying period they determined that the loss of antioxidant capacity occurs 
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gradually but significantly over the course of three weeks rather than all at once, and low-light 
shade drying provided better retention than drying in ambient light. Given the predominant 
antioxidant activity of flavonoids, flavonoids likely make up a large portion of the compounds 
observed by the FRAP assay. This suggests that a significant amount of this loss could be 
attributed to decreases in total flavonoids. 
A.1.Artemisinin Biosynthesis. 
 
Artemisinin is a sesquiterpene lactone produced in the glandular trichomes of A. annua as 
a secondary metabolite. Sesquiterpenes have three 5-carbon isoprenoid molecules and are 
naturally occurring terpenoid structures found in nature. Artemisinin is unique within this group 
due to the fact that it also has an endoperoxide bridge (Wen et al., 2011). This bridge is what 
makes artemisinin therapeutically active against Plasmodium, but is also susceptible to 
degradation by peroxidase (Iskra, 2000). The endoperoxide bridge is a portion of the chemical 
structure that is formed in the last stage of artemisinin biosynthesis. Knowledge of the 
biosynthetic pathway of artemisinin (AN) is important because it provides a greater opportunity 
for genetic engineering or other methods of optimization of AN production in plants or other 
model organisms, allowing further research, lowering the cost and increasing the availability of 
artemisinin-based malaria treatments (Chang et al., 2000). 
The biosynthetic pathway for artemisinin (Figure 2) begins with the reaction of 
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), two five-carbon 
structures, into the intermediate geranyl pyrophosphate (GPP), this GPP then interacts with 
another IPP to form farnesyl pyrophosphate (FPP) (Kong et al., 2009) (Figure 2; Wen et.al. 
2011). This conversion is catalyzed by the enzyme farnesyl diphosphate synthase (FPPS) (Kong 
et al., 2009; Shen et al., 2007). FPP is converted to the bicyclic sesquiterpene amorpha-4,11-
diene by the sesquiterpene cyclase, amorpha-4,11-diene synthase (ADS) (Kong et al., 2009; Shen 
et al., 2007; Matsushita et al., 1996). Amorpha-4,11-diene becomes the base of the second phase 
of the AN pathway, with modification to the isopropylidene group via oxidation or reduction 
reactions, or isomerization to yield either dihydroartemisinic acid (DHAA) or artemisinic acid 
(AA) (Bertea et al., 2005) (Bouwmeester et al., 1999). 
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Figure 2: FPP Biosynthesis Pathway (Wen et.al. 2011; open source). 
AACT, acetoacetyl-CoA thiolase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol 
kinase; CMS, 4-diphosphocytidyl-2C-methyl-D-erythritol 4-phosphate synthase; DMAPP, 
dimethylallyl diphosphate; DXP, deoxyxylulose phosphate; DXR, 1-deoxy-D-xylulose-5-
phosphate reductoisomerase; DXS, 1-deoxy-D-xylulose-5-phosphate synthase; FPP, farnesyl 
pyrophosphate; FPPS, FPP synthase; GPP, geranyl pyrophosphate; GPPS, GPP synthase; HDS, 
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase; HMGR, 3-hydroxyl-3-methyglutaryl 
CoA reductase; HMGS, 3-hydroxyl-3-methyglutaryl CoA synthase; IDS, IPP/DMAPP synthase; 
IPI, IPP isomerase; IPP, isopentenyl diphosphate; MCS, 2-C-methyl-D- erythritol 2,4-
cyclodiphosphate synthase; MPD, mevalonate pyrophosphate decarboxylase; MK, mevalonate 
kinase; MPK, mevalonate-5-phosphate kinase; MVA, cytoplasmic mevanolate  
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Figure 3: Artemisinin biosynthesis pathway (Wen et.al. 2011; open source). 
 Aldh1, aldehyde dehydrogenase homolog; CYP71AV1, Cytochrome P450 encoding 
 cDNA; Dbr2, gene coding Artemisinic aldehyde ∆11(13) reductase. 
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It was previously thought that the final precursor for artemisinin was artemisinic acid 
(Bertea et al., 2005), however recent research has shown that this is not the case and AA in fact 
is the precursor for arteannuin B (Brown, 2010). In some cases arteannuin B has been shown to 
convert to AN in a reaction catalyzed by leaf extracts from A. annua (Dhingra and Narasu, 
2001).  It is now proposed that dihydroartemisinic acid is the final precursor to artemisinin 
(Bertea et al., 2005), through a process of spontaneous photo-oxidation that is suspected to be 
non-enzymatic, a proposal that is supported by studies of this pathway in vivo in addition to in 
vitro results under similar chemical conditions (Bertea et al., 2005). 
A.2.Microbial Synthesis of Artemisinin. 
Due to the low yield (0.1-1.4% dry weight) of AN in A. annua crops (Delabays et al., 
2001); some groups have investigated the potential for AN precursors to be produced in other 
species through the use of genetic engineering and synthetic biology. In a study by Paddon et al. 
(2013), AN was semi-synthetically produced in Saccharomyces cerevisiae, to try and develop an 
inexpensive production process to help decrease the cost and increase the availability of AN-
based antimalarial therapies. To do this the investigators used genes that allowed for suppressors 
and catalysts that would produce a similar amount of artemisinic acid as previous yeast strains, 
but at reduced expense. The produced artemisinic acid is then extracted and chemically 
converted to artemisinin. 
A.3. Peroxidases and Relationship to Artemisinin. 
It is speculated that peroxidases are inactivated once the plant is dried, as their reactions 
require water. When the dried plant material is combined with water and assayed immediately 
the amount of artemisinin should be constant; however once the leaves were soaked in water for 
24 hours, the amount of artemisinin present in the extract was previously observed to have 
declined by about 80% (Weathers lab, unpublished results). Due to the chemical structure of AN, 
it was suspected that the cause of this degradation was the reactivation of peroxidases in the plant 
material that may have cleaved the endoperoxide bridge by means of reductive destruction. 
Previous research showed an inverse correlation between peroxidase in A. annua and the 
presence of AN. Investigators found that ascorbate peroxidase (APX) activity required both 
ascorbic acid and FeIII to be stable, and that when there was high APX activity ascorbic acid and 
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iron were found in much lower quantities as well as decreased levels of AN, thus indicating that 
APX is likely responsible for the degradation of AN (Iskra, 2000).  
It was also found that the two main peroxidase groups in A. annua, APX and guaiacol 
peroxidase (GPX), had an inverse relationship. When histological assays showed APX was high, 
GPX was found at much lower levels (Vepari, 1999).  If the peroxidases present in the dried 
plant material were being reactivated and degrading artemisinin it means that in order to use a 
water-based method of delivery, a method of deactivating the peroxides must be found that does 
not also affect the artemisinin. Unfortunately, this could also have an effect on other compounds 
in the whole plant that are beneficial in aiding artemisinin availability and could make the whole 
plant treatment less effective.  Confirming prior results and determining a possible mode of 
action would be essential for moving forward with whole plant therapies for malaria. 
The therapeutic properties of AN comes from its endoperoxide bridge. This molecular 
bridge is susceptible to degradation by peroxidases (Iskra, 2000). Peroxidases are enzymes that 
catalyze the reduction between hydrogen peroxide and other reactants found in the tissues of 
plants, animals, and microorganisms. They are one of the most widely studied groups of 
enzymes, and can be found in many isoforms as well as in both anionic and cationic forms, with 
some higher plants encoding as many as 40 genes corresponding to isoperoxidases (Welinder et 
al., 1992). Isoforms, or isozymes in the case of peroxidases, are enzymes that have different 
structures but still have the same function. There are three classes of peroxidases (POD’s) based 
predominantly on which organisms they are found in (Zámocký et al., 2010): 
 
Class I: This first class encompasses POD’s that are typically found in bacteria or other 
microorganisms, but can also be found in plants. It originally contained intracellular 
heme peroxidases with no endoplasmic reticulum signal sequence, sulfide bridges, or 
Ca
2+
 binding. Class I has since been challenged with the inclusion of some extracellular 
enzymes that exhibit bifunctional activity. These enzymes function majorly in the 
mitochondria and oxidize cytochrome c. 
 
2.2.2 Class II: The second class of POD’s contains fungal glycosylated extracellular 
heme enzymes that contain four conserved disulfide bridges and bound Ca
2+
. These 
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enzymes also have a short carboxy-terminal domain of 40-60 residues. This family is 
known to oxidize lignin compounds, which are essential components of cell walls in 
plants and some algae, and phenols.  
 
2.2.3 Class III: The third class of POD’s is entirely comprised of plant glycosylated 
secretory heme POD’s with four conserved disulfide peroxide bridges and bound Ca2+. 
Members of this class have been shown to exist mainly in the vacuoles of plant cells, and 
play important roles in the lignification of cell walls and in cell growth.  
 
2.2.4 Peroxidases can also be classified by the general class of substrate they oxidize, 
which leads to two subgroups known as ascorbate peroxidases (APX) and guaiacol 
peroxidases (GPX): 
 
APX is a class I heme-containing enzyme that prefers ascorbic acid as a substrate. Their 
prosthetic group is protoporphyrin and is inhibited by cyanide, azide, thiol-modifying 
reagents, as well as suicide inhibitors like hydroxylamine. These suicide inhibitors do not 
affect GPX, making them a useful tool to distinguish between the two when assaying.  
 
APX Catalysis:  2 C6H8O6+ H2O2 → 2 C6H7O6 2 H2O 
 
 
GPX is a class III heme-containing peroxidase with a substrate preference for guaiacol. 
Like APX, guaiacol peroxidases can be inhibited by cyanide and azide. In contrast, the 
GPX tend to be much more stable than APX as APX act as H2O2 scavengers while GPX 
oxidize a wide range of organic substrates whose products are involved in essential 
biosynthetic processes (Kvaratskhelia et al. 1997). 
 
 
GPX Catalysis: 2 C7H8O2 + H2O2 → 2 C28H24O8+ 2 H2O 
 
A.4. Catalase and its Relation to Artemisinin. 
Another possible type of enzyme that it is hypothesized could be responsible for the 
degradation of artemisinin is catalase. This is because catalase shares the same substrate with 
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POD’s, peroxides. Catalase reacts with hydrogen peroxide to form water and oxygen. This fact is 
key in the identification of catalase as a degrading molecule for artemisinin. Oxygen being a 
product is what sets apart POD’s and catalase. Thus to test what is truly breaking peroxides one 
should test levels of created oxygen. 
 
Catalase catalysis: 2H2O2   →   2H2O + O2 
 
 
A.5. Flavonoid Biosynthesis and Presence in A. annua. 
Some secondary metabolites produced by A. annua may aid the anti-malarial properties 
of AN, in addition some of these such as flavonoids have been shown to have weak antimalarial 
properties of their own. Flavonoids are phenolic metabolites that have a 15 carbon skeleton, 
found in every plant (Croteau et al., 2000). These compounds serve many function providing 
plants with pigment, UV protection, defense against pathogens, internal signaling, and 
reproduction. There are 8 major subgroups of flavonoids (Luthria, 2006), the most prominent 
being flavonols and flavones. These subgroups are distinguished by their functional groups 
added on to their phenolic rings. The basic structure of a flavonoid can be seen below in Figure 4 
as well as the basic structure of a flavone and a flavonol. 
Flavones have a typical flavonoid backbone, however, there is oxygen double bonded to 
the fourth carbon of the middle ring. Flavonols have a similar structure to a flavone, however, 
there is a hydroxyl group bonded to the third carbon of the middle ring (Rice-Evans et al., 1996). 
Quercetin (Figure 4) is a basic example of a flavonol, and is also one of the most common 
flavonoids found in plants. Out of the major subgroups of flavonoids, six subgroups are found in 
A. annua (Lai et al., 2007; Rice-Evans et al., 1996; Brown, 1992), with more than 40 individual 
flavonoids these can be seen in Table 1. 
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A B  
C D  
Figure 4: The basic backbone structure of a flavonoid (A), followed by the basic structure of a 
flavone (B), the basic structure of a flavonol (C), and finally the basic structure of quercetin (D) 
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Table 1: Flavonoids found in A.annua 
Flavonoid Plant part % of Fresh Weight 
Astragalin AP LF+ ST 0.0016 
Astragalin AP LF+ ST 0.000015 
Axillarin LF+ ST 0.0000052 
Castiein AP 0.002 
Castiein EP 0.01 
Castiein AP 0.001 
Chrysoeriol LF+ ST 0.0000136 
Chrysoplenetin LF+ ST 0.00006 
Chrysosplenetin SC 0.06 
Chrysosplenetin EP 0.04 
Chrysosplenetin AP 0.0033 
Chrysosplenol AP 0.00314 
Chrysosplenol D LF+ ST 0.00018 
Chrysosplenol D SC 0.06 
Chrysosplenol D AP 0.03433 
Chrysosplenol D EP 0.1 
Chrysosplenol 3-
methoxy 
AP 0.00114 
Cirsilineol SC 0.05 
Cirsilineol LF+ ST 0.00007 
Cirsimaritin LF+ ST 0.000076 
Cynaroside LF+ ST 0.0000105 
Eupatorin LF+ ST 0.00001 
Eupatorin EP 0.02 
Flavone,2-4-5-
trihydroxy-5-6-
7trimethoxy 
LF+  
ST 
0.0000121 
Flavone,3-5-7-8-
tetrahydroxy-3-4-
dimethoxy 
LF+ 
ST 
0.000063 
Flavone,3-3-5-
trihydroxy-4-6-7-
trimethoxy 
AP 0.00171 
Flavone,5-hydroxy-3-4-
6-7-tetramethoxy 
AP 0.0011 
Kaempferide, Iso LF+ ST 0.0000105 
Kaempferol AP  0.00116 
Kaempferol LF+ 0.0000315 
Kampferol, 6-methoxy: 
3-O-beta-D-glucoside 
AP 0.001 
Luteolin AP 0.00233 
Luteolin LF+ 0.0000157 
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Luteolin-7-methyl ether LF+ ST 0.0000105 
Patuletin AP 0.0005 
Patuletin-3-O-beta-D-
glucoside 
AP 0.09166 
Penduletin LF+ ST 0.0000078 
Quercetagetin-3-4-
dimethyl ether 
LF ST 0.0000052 
Quercettagetin-3-
dimethyl ether 
LF+ ST 0.000021 
Quercetagetin-4-methyl 
ether 
LF+ ST 0.000026 
Quercetin LF+ ST 0.0000315 
Quercetin AP 0.0005 
Quercetin-3-O-beta-D-
glucoside 
LF+ ST 0.00013 
Quercetin-3-methyl 
ether 
LF+ ST 0.0000052 
Quercimeritrin  LF+ ST 0.000036 
Quercitrin, iso AP 0.00083 
Quercitrin, iso LF+ST 0.000031 
Rhamnentin LF+ST 000007 
Rutin AP 0.00166 
Tamarixetin LF+ST 0.0000052 
      AP, Aerial part; ST, Stem; LF, Leaf; SC, suspension Culture; EP, Entire plant 
A.6. Flavonoids and Malaria. 
Of the total flavonoids found in A. annua content can vary by cultivar and developmental 
age of the plant (Bhakuni et al., 2001). Many of these flavonoids have weak anti-malarial activity 
and some may synergize with AN (Liu et al, 1992), possibly enhancing therapeutic efficacy. 
Some silybin and kaempferide derivatives have been shown to have antiplasmodial activity on 
their own, though the investigators could not propose a mode of action (de Monbrison et al., 
2006). These derivatives were not only effective against strains of P. falciparum that were still 
sensitive to chloroquine, but also against strains that were resistant to chloroquine treatments, 
though there was no reversal of this resistance. Another study of eleven dietary flavonoids 
showed eight that had antiplasmodial activity at non-toxic concentrations against both the 
chloroquine-sensitive 3D7 strain and the chloroquine-resistant 7G8 strain. It was shown that 
these compounds were capable of halting the growth of the parasite beyond the early trophozoite 
stage, one of the earlier stages of the erythrocytic Plasmodium life cycle. These eight tested 
flavonoids included some that are found in A. annua, including kaempferol, quercetin, and 
isoquercetin (Lehane & Saliba., 2008.) Flavonoid content is an important part of the pACT 
treatment to be understood, along with their many health benefits. Flavonoids can function as 
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antioxidants, anti-malarial, anti-inflammatory agents, heavy metal chelators, and radical 
scavengers. Due to all of these beneficial effects A. annua could potentially be used as more than 
just an anti-malarial drug. 
A.7. Other Flavonoid Activities. 
Flavonoids have been studied extensively as antioxidants, with their main role being the 
direct scavenging of reactive oxygen species. These reactive oxygen species are part of a larger 
category known as free radicals, which are made reactive by one or more unpaired electrons and 
can cause oxidation chain reactions in many tissues. While free radicals have physiologically 
beneficial roles, they can be damaging when they are overproduced and are speculated as playing 
a causal role in some diseases such as cancer and cardiovascular diseases through the disruption 
of signal transduction pathways (Jomova & Valko, 2011).  
The primary way in which flavonoids assist necessary biological processes is as 
antioxidants. The FDA defines dietary antioxidants as measured substances found in human diets 
that, “following absorption from the gastrointestinal tract, the substance participates in 
physiological, biochemical, or cellular processes that inactivate free radicals or prevent free 
radical-initiated chemical reactions” (FDA, 2013). Flavonoids fit this category well as they are 
present in fruits and vegetables, a large portion of most human diets. Some flavonoids can 
engage in radical scavenging more efficiently than others; this difference in efficiency is 
dependent on the arrangement of the functional groups around the conserved core structure. 
Based on their variations in this structural arrangement, the flavonols, quercetin and myricetin, 
have been shown experimentally to be some of the most effective scavengers of free radicals in 
an aqueous phase (Rice-Evans et al., 1996). Direct radical scavenging is not the only mechanism 
for the prevention of oxidation damage in which flavonoids have a role. Other mechanisms 
include activation of other antioxidant species, metal chelation, and inhibition of oxidases. 
In addition to their abilities as direct antioxidant agents, flavonoids have been 
investigated as regulators for other antioxidant molecules. Wu et al. (2004) suggested that 
quercetin plays a role in elevating intracellular levels of glutathione, which has been shown to be 
a powerful antioxidant as well as having a role in the regulation of other pathways. Their study 
found that quercetin in its aglycone form increased the amount of glutathione present, likely by 
transactivating the promoter for γ-glutamyl-cysteine synthetase and glutathione synthetase. This 
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transactivation induced transcription and synthesis of glutathione in the exposed cells, though 
overall regulation of the system is not entirely clear as other regulatory mechanisms may be 
contributing post-activation (Myhrstad et al., 2002). Similar regulatory effects have been 
investigated for quercetin and other flavonoids as anti-inflammatory agents through the 
inhibition of oxidases. One study done by Hamäläinen et al. (2007) evaluated 36 naturally 
occurring flavonoids and found four to be effective inhibitors of nitric oxide-forming proteins 
from bacteria and cytokines. The two classes of flavonoids found to be the best inhibitors were 
isoflavones and flavonols. 
Flavonoids are also capable of interacting with metal ions to prevent the formation of free 
radicals. By chelating with transition metal ions, flavonoids effectively prevent these ions from 
being available to form the free radicals. The products of this chelation process are metal-
flavonoid complexes that can in turn be effective radical scavengers. This increased effectiveness 
can have very favorable results in protecting cells from injury caused by toxic elements that can 
be introduced into the body (Moridani et al., 2003). Some of these complexes, particularly with 
rutin and dihydroquercetin, were experimentally found by Kostyuk et al. (2010) to be more 
effective than stand-alone flavonoids at preventing oxidative damage to red blood cells from 
asbestos in vitro. 
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B.  Hypothesis: 
AN was reportedly degraded with leaf rehydration, POD activity will be measured to 
determine if it is reactivated with wetting. The second hypothesis to be tested in this project was 
to determine the stability of NA and flavonoids in dry leaves of A. annua are activated when 
exposed to water. Third, although long term AN stability is known, that if flavonoids is dried A. 
annua is not and they may degrade during storage. 
 
C. Objectives: 
This project had three main objectives: 
1.       Measure POD activity and AN and flavonoid levels in rehydrated leaves after 0 and 24 
hours. 
2.    Measure total flavonoid levels found in A. annua, before and after varying methods of 
drying. 
3.    Compare effects of storage conditions and their duration on total flavonoid content in A. 
annua leaves. 
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D. Methods: 
D.1.Plant material. 
The clonal line of A. annua used in these experiments was lab-grown SAM (Weathers 
and Towler, 2012), which produces artemisinin at ~1.4% (w/w). For rehydration experiments 
SAM leaves were dried on the stem, and passed through a 2mm sieve and then powdered in a 
coffee grinder. A single homogenized batch of dried plant material was used in all rehydration 
experiments to provide consistent material. Experiments for testing the stability of flavonoids in 
dried leaves used whole leaves harvested from SAM plants. 
 D.2.Harvest Methods: The leaf material used for long term stability total flavonoid study 
was harvested from the SAM cultivar of A. annua that was initially grown in a 25⁰C growth 
chamber and then repotted and placed in a window with an average photo period of at least 14 
hours to prevent flowering for three to five weeks until a height of 24-30cm was reached. Once 
the plants reached this height and had at least twenty-one fully formed leaves, they were 
harvested by removing the leaves at positions ten through twenty-one, as shown in Figure 5. Leaf 
numbers 10&12, 14&16, 18&20, were removed and extracted fresh; leaf numbers 
11&13,15&17, and 19&21 were dried using one of the following three: conditions 25⁰C dark, 
25⁰C with constant light 37⁰C darkness. 
These positions gave a range of leaf maturity, which may affect the amount of flavonoids 
present in the leaves that are arranged alternately on the stem (Figure 5). Leaves were paired 
based on leaf position in order to obtain two equivalent sets of leaves that provide both an 
adequate weight for the assay as well as sets of samples that allowed fresh material to be 
compared to dried material of developmentally comparable age. The fresh weight of each pair of 
leaves was taken and recorded immediately after harvesting, then odd-numbered pairs were 
placed in the designated study drying condition and the even-numbered pairs were immediately 
extracted with 4mL methylene chloride. 
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Figure 5: Diagram of leaf location for harvest. 
  
D.3. Drying methods. 
The odd numbered leaf pairs from each plant were placed in separate test tubes. These 
tubes were then placed into three different conditions of 25⁰C in darkness, 25⁰C with constant 
light, and 37⁰C in darkness.  The three pairs of odd numbered leaves were placed randomly into 
the three storage conditions for each plant. This allowed for 5 samples from the three stem 
positions to be placed in each storage condition for each time point: one, four, eight, and sixteen 
weeks.  
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D.4. Peroxidase Assay. 
Peroxidase was measured using the pyrogallol assay, using a spectrophotometer for 
analysis at 430nm.  When the substrate pyrogallol is exposed to free oxygen in water it turns 
purple; even though the product of the oxygenation reaction is yellow, blue is a better 
wavelength to measure absorbance because a yellow sample will absorb blue light. The 
pyrogallol reaction with peroxide as used to measure POD activity is shown in Figure 6. To 
determine enzyme activity the absorbance is used to measure the amount of product formed and 
enzyme activity can be determined using the equation shown in Figure 6. 
 
 
 
H2O2 + C6H6O3 → C11H8O5 + H2O 
 
      (  )        (  )(  )(                )
(    
    )(   )
 
                        
                 
  
 
 
 
Figure 6: Pyrogallol oxidation reaction (facilitated by POD) 
and calculation for units of enzyme activity.  
 
Where ∆t is change in time, OD430x is the optical density measured, OD430b is the optical 
density of the blank, and E 
1mgmL
 is the extinction coefficient of 1 mg/ml of purpurogallin at 430 
nm , V is the volume of the assay, and g DW is the grams in dry weight of plant material used for 
the assay. The buffer that was used for the purposes of carrying out this assay was 0.1M sodium 
citrate buffer, pH 5.0. This is the optimal pH based on data obtained from Vepari (1999), whose 
results were based on multiple assays run at different pH conditions. The buffer was made using 
0.5 mM stocks each of citric acid and sodium citrate. Citric acid at this concentration is around 
pH4  thus as this is close to pH5 it was used as the base to the buffer and it was titrated using 
sodium citrate until a pH of 5 was reached. The solution was diluted two fold to yield the final 
concentration of buffer at 0.1 mM. The absorbance readings were then measured and calculated 
to test for statistical significance, and difference based on the concentrations of the H2O2 and 
pyrogallol. Multiple assays were done within each concentration ratio to obtain an in sample 
average. The results were plotted and compared to controls. 
 
Peroxidase 
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Assays were performed using 200 mg of the powdered dried plant material, in which 
dried leaf material from A. annua was soaked in 2 mL distilled water. Half the samples were 
boiled for 5 minutes and the other half were simply soaked. Pyrogallol assays were run at 0 hours 
and 24 hours. Boiling will denature enzymes, so this control was run to identify if there was any 
enzymatic activity, possibly a cause of any observed artemisinin degradation. Table 2 illustrates 
the anticipated results and their possible interpretations. 
 
Table 2: Anticipated results for experiments to identify if PODs affect AN stability in rehydrated 
A. annua. 
Hours °C 
POD Activity 
(@ 430nm) 
Artemisinin Level 
Relative to t=0 (%) 
Possible Results 
0.33 22.5 0 100 expected-control 
 
 
 
 
 
 
22.5 >0 100 
enzymes active in dry 
leaves 
100 0 100 expected 
100 >0 100 
enzymes active in dry 
leaves & heat is not 
sufficient 
24 22.5 >0 ~20
1 Expected; confirms 
prior results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
22.5 0 ~20
1 something else is 
degrading the drug 
22.5 0 >20
1 
no enzymes present 
22.5 >0 >20
1 enzymes not 
degrading drug 
100 0 ~20
1 something else is 
degrading the drug 
100 >0 ~20
1 heat is not sufficient 
to denature enzyme 
100 0 >20
1 
expected; confirms 
heat inactivation of 
POD 
100 >0 >20
1 
enzymes not 
degrading drug, heat 
is not sufficient 
 
1
The preliminary test of AN stability in 24 hour soaked A. annua leaves resulted in an 80% drop 
in AN, so AN levels of 20% would suggest degradation. 
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D.5. Total Flavonoids Assay. 
 To measure total flavonoids the AlCl3 assay described in Weathers et al. (2014b) was 
used. This assay required a stock solution of 1% AlCl3 in MeOH (AlCl3 solution). After plant 
harvest material was either directly extracted from fresh weight samples or dried. Both samples 
were then extracted with 4 mL of methylene chloride for 30 minutes using a sonicating water 
bath. Afterwards the supernatant was decanted and dried under N2 using an N evaporator and 
stored at -20⁰C until assayed. The dried extract was then resuspended in 200 µL of methylene 
chloride and a 40 µL aliquot was transferred to a test tube and again dried under N2. 
Subsequently the dried sample was resuspended in 3 mL of AlCl3 solution and incubated for 25 
minutes. OD was measured at 415 nm. Sample blanks contained 3 mL AlCl3 solution and were 
treated and incubated in the same manner as experimental samples. 
 For the AlCl3 assay a quercetin standard curve was made. Many different flavonoids are 
measured as part of an extraction and they may have slightly different absorbance properties. For 
the data to be comparable it must be first compared to some type of standard, in this case 
quercetin was chosen as a reasonable comparison for total flavonoids. A quercetin standard was 
made by dissolving 200 µg of quercetin in 200 µL of methanol. This solution was then 
transferred to five tubes in aliquots of 10, 20, 30, 40, and 50 µL. Samples were dried and then 3 
mL of AlCl3 solution was added to each tube. A sixth tube of AlCl3 solution served as a standard 
blank. Solutions were incubated for 25 minutes and measured at 415 nm. AlCl3 reaction with 
flavonoids yielded a yellow color. 
 While incubating the plant samples a quercetin standard curve was made by zeroing the 
spectrophotometer with the blank and then measuring all of the tubes with quercetin and 3ml of 
AlCl3 solution. Once measurements of the flavonoid levels were taken for all tubes, the quercetin 
standards were plotted to yield a standard curve. The R
2
 value for this line should be above 0.95 
in order to insure linearity. Quercetin was used as it produced a similar absorbance result to a 
wide range of specific flavonoids, and is also easily obtained as a testing standard. 
D.6. Artemisinin Assay. 
  An aliquot of the dried samples was resuspended in pentane and analyzed using gas 
chromatography mass spectrometry (GCMS) at the following conditions: GC, Agilent 7890A; 
MS, Agilent 5975C; column, Agilent HP-5MS (30 m × 0.25 mm × 0.25 µm); carrier gas, He at 1 
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mL/min; injection volume, 1 µL in splitless mode; ion source temperature, 280°C; inlet, 250°C; 
oven temperature, 125°C held for 1 min, and then increased to 300°C at 5°C/min. Artemisinin 
was identified using authentic standards (Weathers and Towler, 2012). 
D.7. Statistical Analysis. 
 Once absorbance had been measured for each sample, the value was divided by the slope 
obtained from the quercetin standard curve to give the μg flavonoids/mL. This was then divided 
by the dry weight per mL, which was the amount of dry weight sample that was in the volume of 
solution used. This yielded the final μg flavonoids/g dry weight. A student’s t-test for two 
samples of unequal variance with a p-value of 0.05 was used to determine if there were 
significant differences between samples. Fresh weight samples had an N of 27, while treatment 
times of 1, 4, 8, and 16 weeks had an N of 5. 
     
            (
  
  )
          
Figure 7: Equation for determining total flavonoid concentration.  
The µg of quercetin equivalents in one gram of fresh material can be converted to a dry 
weight equivalent by multiplying the fresh weight values by the ratio of dry weight to fresh 
weight of the sample. For the A. annua leaves used in these experiments, that ratio was 0.282. 
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E. Results: 
 E.1: Effect of Storage on Flavonoid Content of Dried Leaves. 
One goal of this project was to study the effects of post-harvest storage conditions on the 
levels of total flavonoids. This is important because flavonoids may have antimalarial properties 
(Ferriera, 2010) and aid in the effectiveness of a pACT treatment for malaria but do not yet have 
an established shelf-life. The fresh weight (FW) for pairs of even numbered leaves was measured 
and extracted in methylene chloride for three sets of leaves on each plant, and this extract was 
then assayed for total flavonoid content. Data were averaged across all plants in the specified set 
of storage conditions. 
 Although flavonoids initially seemed to increase with leaf age, when tested with an N of 
27 the results were not statistically significant (Figure 8A). After drying for one week there was 
a 25-75% decrease in flavonoids per gram in the sampled leaves (Figure 8B), but results were 
only significant for leaves dried at 25⁰C. Light had no significant effect. Drying for four weeks 
gave the same result as drying for one week (Figure 8B and 8C), however when dried for four 
weeks (Figure 8C) FW flavonoid levels increased to ~4,000 µg Q/g DW whereas at one week 
(Figure 8B) total flavonoid levels were ~2,000 µg Q/g DW.  
After eight weeks, flavonoid content in dried leaves increased to about the levels 
measured in freshly extracted leaves (Figure 8D-F). Neither light nor temperature seemed to 
affect results at any stage of storage (Figure 8F). The flavonoid content of dried leaves after one 
and four weeks were statistically significantly lower than at either zero or eight weeks and longer 
(Figure 8F). 
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Figure 8: Flavonoid content of different leaf maturities at harvest and after dry storage in 
different conditions. A, flavonoid content at harvest of different leaf maturities pooled from all 
experiments n=27; B, flavonoid content at harvest and after dry storage for 6 days. C, flavonoid 
content at harvest and after dry storage for 4 weeks. D, flavonoid content at harvest and after dry 
storage for 8 weeks. E, flavonoid content at harvest and after dry storage for 16 weeks. Dark 
bars, leaves extracted after dry storage; light bars, freshly extracted leaves; a,b shows statistical 
difference between those dried in different dry storage conditions. For A-E x,y shows statistical 
difference between freshly extracted groups before storage; m,n shows statistical difference 
between freshly extracted leaves and those kept in dry storage before extraction. F, kinetics of 
changes in total flavonoid content during dry storage over 16 weeks. All data are shown on DW 
basis of leaves; FW conversion: 1 g FW= 0.28 g DW. N ≥ 5; p ≤ 0.05. 
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E.2. Stability of AN and Flavonoids After Rehydration. 
Another goal of this project was to determine if AN and flavonoids were stable if the dry 
leaves were rehydrated. POD reactivation was a contributing factor in previously observed AN 
degradation (Iskra, 2000). AN levels were measured after 20 minutes and 24 hours (Table 3), it 
was observed that AN levels were not statistically different between 20 minutes and 24 hours of 
soaking. However, statistical significance was found between samples boiled for five minutes 
and samples that were not boiled at both time points. When POD activity was measured for these 
samples, no statistical significance was seen between un-boiled samples at 20 minutes and 24 
hours with units of activity ranging from 0.035 to 0.055 units of enzyme activity per gram of 
DW. 
The solid phases of these samples were analyzed using GC-MS as described in Elfawal et 
al. (2012) to determine if there had been any changes in AN content, a summary of which is 
shown in Table 3 along with a summary of the POD enzyme units of activity and total flavonoid 
content for soaked samples. 
 
Table 3: Soaked samples POD activity, Total flavonoid and AN content summary 
Sample 
ID 
Phase Units of Enzyme 
activity/ g DW 
Total Flavonoids µg/gD DW AN Content µg/g DW 
20min 
22.5 
Solid 0.036 ± 0.007 2,489.01 ± 355.49 597.96 ± 46.05 
Liquid - 148.65 ± 53.09 - 
20min 
100 
Solid 0.012 ± 0.014 2,798.07 ± 329.30 435.303 ± 91.23 
Liquid - 481.22 ± 292.92 - 
24h 22.5 Solid 0.053 ± 0.002 2,391.48 ± 241.61 616.616 ± 90.84 
Liquid - 61.050 ± 9.26 - 
24h 100 Solid 0.0002 ± 
0.0002 
2,121.56 ± 358.46 422.458 ±22.16 
Liquid - 154.45 ± 21.77 - 
 
We also assayed extracts of both the solid and liquid phases of the rehydrated plant material 
for total flavonoids to determine if the rehydration and soaking had any effect on these 
compounds in addition to any potential effect on AN. We determined that the majority of 
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flavonoids remained in the solid phase of the extracted material, with no significant difference 
between solid phase samples. Soaking time and temperature changes did not affect the total 
flavonoids that remained in the solid phase. We also determined that the only significant 
difference between extracted liquid phases occurred in the samples soaked for 24 hours. Samples 
that were boiled before soaking showed significantly greater total flavonoids than those that were 
not boiled. This trend was also found in the 20 minute samples, but due to some issues with 
sample extraction, there was too large a standard deviation to see any statistical significance.  
In contrast to a preliminary study, there was no degradation of AN over 24 hours of 
rehydration. The experiment was then replicated by Dr. Towler and our results were confirmed. 
There was no degradation of AN after soaking dried leaves of A. annua in water for 24 hours. 
Results also showed there was no POD activity in heat treated samples and POD activity in un-
boiled samples was unchanged between 20 minute and 24 hour samples.  
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F. Discussion and Conclusions. 
The total flavonoid analysis suggested that total flavonoid levels were highest when the 
plant leaves were fresh or stored for at least eight weeks. This could have been due to changes in 
specific flavonoids over time as changes in water content altered the chemical environment in the 
plant. While the data showed that flavonoids were highest either in the freshly extracted leaves or 
after two to four months of dry storage, there was no statistical difference between storage 
conditions at these times. The conditions tested were chosen based on prior study of AN stability 
during dry storage and that AN levels were shown to decrease after prolonged storage in 
temperatures greater than 40⁰C (Simonnet 2010, unpublished results). If the main therapeutic 
was degraded the plant material became unusable as a potential therapeutic, thus it was only 
pertinent to investigate total flavonoid content within conditions where AN levels would remain 
relatively unchanged, below 40⁰C. Considering that the results of this study showed that as time 
passes flavonoids decreased first and then gradually increased over time it is recommended that 
dried plant material be stored for at least eight weeks before use as a therapeutic.  
The data from the rehydration experiments showed that AN did not seem to degrade as 
previously measured (unpublished results) this result was also confirmed by Dr. Towler. On the 
other hand there was slight activity of POD after exposure to water in rehydrated plant material. 
This suggested that it was likely that the drying process did not fully denature the enzymes 
within the plant. However, the main concern was the reactivation of enzymes that would cause 
the degradation of AN after the plant material becomes wet. Thus, exposing the plant material to 
water does not cause a decrease in the primary therapeutic element of the plant at least within 24 
hours. While water alone did not appear to be enough to cause a loss of AN, Simonnet reported a 
35% drop in AN levels within a month when introduced to temperatures of 40⁰C (Simonnet, 
2010). Thus while rehydration alone does not show a difference, rehydration and heat will lead 
to a loss of AN. As such it is suggested that leaf material not be stored or prepared at excessive 
temperatures. In addition to confirming that high temperatures degrade AN, Simonnet (2010) 
also suggested that the plant not be stored at high humidity; at 85% humidity AN began to 
degrade as early as one month (Simonnet 2010, unpublished results).  
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Although much more is generally known about flavonoids, time dependent stability 
analysis of flavonoids in A. annua has not been examined, though the effects of freeze drying 
versus convectional drying or air drying methods on flavonoids in other plants have been 
investigated. For example, when the flavonoid content of purple willow was measured after 
different drying conditions it was seen that air drying at temperatures ≥ 40⁰C, and freeze drying 
decreased the concentration of flavonoids (Julkunen-tiitto and Sorsa, 2000). In contrast, Murta 
berries were observed to have increased flavonoids at higher temperatures (Rodriguez et al. 
2013). The study done by Ferreira and Luthria (2010) did not assay specifically for flavonoids, 
only for total antioxidant capacity of dried A. annua leaves. Their work showed that oven drying 
was the ideal method for preventing loss of antioxidants after the three week drying period. In 
addition, they showed that the antioxidant capacity seen in the shade dried samples decreased 
steadily over the three week study period. Although a similar trend was visible but not 
significant, the Ferreira and Luthria (2010) results differed from ours, as there was no difference 
in flavonoid stability between any of our tested conditions after 1 week or 4 weeks of drying. 
Unfortunately we did not obtain samples between weeks 1 and 4 so results cannot be directly 
compared. On the other hand, their Trolox FRAP data showed a decline over three weeks similar 
to what we observed for flavonoid analysis. Furthermore, their antioxidant assay covered more 
than just flavonoids, so that could also account for variations between our results and theirs. The 
flavonoids in A. annua seemed to remain stable in our study at slightly elevated temperatures 
(37⁰C). As can be seen with the prior examples it is fairly difficult to predict what conditions 
will specifically affect flavonoid levels as it seems to differ between plant species (Julkunen-
tiitto and Sorsa, 2000; Rodriguez et al. 2013). Thus other conditions that may allow for further 
preservation of total flavonoids are difficult to formulate.   
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G. Recommendations for Future Work. 
It is recommended that for future research flavonoid analysis be carried out with time 
durations of 16 weeks to 52 weeks to investigate the long term effects of drying on flavonoid 
levels to determine if total flavonoid levels continue to increase, and if so at what point do they 
stop increasing. Additionally, flavonoid analysis should be done for time points across 0-7 days 
and especially at points within the first 24 hrs of drying. Additional analyses at 4-8 weeks should 
also be done to determine if the vast changes that were seen happen abruptly or slowly over time. 
Furthermore, field drying methods should be tested for more practical applications such as the 
possibility of drying plants at the same site where they are harvested and what effects field 
drying has on flavonoid content. GC/MS analysis should also be done at each time point to 
attempt to determine what flavonoids may specifically be changing during the short (0-1 week) 
and long term drying (4-5 week) periods. Further, the effects of freeze drying on the leaf material 
should be investigated. Instantly drying the material would prevent most chemical processes 
from taking place, allowing us to determine if residual water is what was causing changes in 
flavonoid levels. 
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Appendix A: 
 
Table-1: HRP pyrogallol assay 
 
 
H2O2 (mM) Pyrogallol (mM) HRP(µL) 
-3 6 6 5 
-6 3 6 5 
-9 6 3 5 
0-12 1.5 6 5 
3-15 6 1.5 5 
 
 
Fresh Weight Analysis for Plants Stored for 16 Weeks 
μg Quercetin Equivalents/g FW 
Plant Leaf # 1 2 3 Avg. Avg. for Leaf # 
A 10,12 353.70 441.39 219.23 338.11 ± 91.36 276.10 ± 100.17 
B 10,12 328.72 159.75 967.70 485.39 ± 347.95 
 
C 10,12 219.38 212.93 216.15 216.15 ± 2.63 
D 10,12 154.13 151.47 167.42 157.67 ± 6.98 
E 10,12 244.32 206.41 214.83 221.85 ± 16.25 
F 10,12 247.00 226.97 220.30 231.42 ± 11.35 
G 10,12 311.98 240.26 294.05 282.10 ± 30.48 
 
A 14,16 335.96 319.33 755.07 470.12 ± 201.61 367.10 ± 136.03 
B 14,16 265.35 262.23 455.78 327.79 ± 90.51 
 
C 14,16 309.47 296.30 279.84 295.21 ± 12.12 
D 14,16 193.53 187.48 196.56 192.53 ± 3.77 
E 14,16 272.49 267.05 261.60 267.05 ± 4.45 
F 14,16 366.07 371.01 410.59 382.55 ± 19.92 
G 14,16 588.30 653.18 661.83 634.44 ± 32.82 
 
A 18,20 754.93 591.36 478.12 608.14 ± 113.63 483.88 ± 127.73 
B 18,20 519.94 656.77 328.39 501.70 ± 134.68 
 
C 18,20 389.79 385.85 397.66 391.10 ± 4.91 
D 18,20 237.29 226.97 237.29 233.85 ± 4.86 
E 18,20 471.27 449.18 456.54 459.00 ± 9.18 
F 18,20 516.99 580.04 617.87 571.63 ± 41.61 
G 18,20 612.61 649.18 603.47 621.75 ± 19.75 
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Fresh Weight Analysis of Plants Stored for 8 Weeks 
Plant Leaf # μg Quercetin Equivalents/g FW 
  
1 2 3 Avg. Avg. for Leaf # 
H 10,12 317.02 344.20 375.90 345.71 ± 24.06 573.86 ± 196.26 
I 10,12 444.67 429.34 490.67 454.89 ± 26.06 
 
J 10,12 653.77 663.52 722.07 679.79 ± 30.16 
K 10,12 782.65 1028.62 894.45 901.91 ± 100.56 
L 10,12 629.85 238.52 592.58 486.98 ± 176.35 
 
H 14,16 268.34 298.63 307.29 291.42 ± 16.70 615.33 ± 258.10 
I 14,16 584.03 599.81 584.03 589.29 ± 7.44 
 
J 14,16 994.42 1120.70 1136.48 1083.87 ± 63.58 
K 14,16 574.33 546.09 612.00 577.47 ± 27.00 
L 14,16 727.90 209.73 666.21 534.62 ± 231.10 
 
H 18,20 287.50 292.30 234.79 271.53 ± 26.05 1044.44 ± 668.52 
I 18,20 493.74 558.14 601.07 550.98 ± 44.11 
 
J 18,20 633.27 665.47 837.21 711.99 ± 89.52 
K 18,20 1639.03 1972.64 1769.57 1793.74 ± 137.26 
L 18,20 1397.05 1967.80 2317.06 1893.97 ± 379.20 
 
Fresh Weight Analysis of Plants Stored for 4 Weeks 
Plant Leaf # μg Quercetin Equivalents/g FW 
  1 2 3 Avg. Avg. for Leaf # 
M 10,12 542.89 627.60 246.42 472.30 ± 163.43 546.27 ± 247.46 
N 10,12 1233.04 1152.00 723.61 1036.22 ± 223.51 
 
O 10,12 315.54 478.87 410.20 401.53 ± 66.96 
P 10,12 425.10 456.42 465.37 448.96 ± 17.27 
Q 10,12 307.79 449.28 359.92 372.33 ± 58.42 
 
M 14,16 1124.58 577.91 1108.96 937.15 ± 254.10 706.87 ± 396.35 
N 14,16 304.01 267.04 197.20 256.08 ± 44.29 
 
O 14,16 360.74 306.90 336.51 334.72 ± 22.02 
P 14,16 1605.71 1572.43 815.34 1331.16 ± 365.00 
Q 14,16 682.85 637.07 705.74 675.22 ± 28.55 
 
M 18,20 1976.41 1510.76 838.16 1441.78 ± 467.24 1132.11 ± 891.01 
N 18,20 641.27 614.06 571.31 608.88 ± 28.79 
 
O 18,20 615.02 507.45 154.34 425.60 ± 196.77 
P 18,20 2299.49 3602.53 2345.48 2749.16 ± 603.71 
Q 18,20 449.73 616.88 238.79 435.13 ± 154.70 
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Fresh Weight Analysis of Plants Stored for 1 Week 
Plant Leaf # μg Quercetin Equivalents/g FW 
  1 2 3 Avg. Avg. for Leaf # 
R 10,12 896.20 831.41 863.81 863.81 ± 26.45 500.73 ±  185.00 
S 10,12 375.70 413.91 369.33 386.31 ± 19.68 
 
T 10,12 422.71 438.57 417.43 426.24 ± 8.98 
U 10,12 361.23 353.70 368.75 361.23 ± 6.15 
V 10,12 496.69 469.10 432.30 466.03 ± 26.38 
 
R 14,16 753.5967 710.7787 702.2151 722.20 ± 22.48 603.61 ± 105.97 
S 14,16 482.4976 489.5932 461.211 477.77 ± 12.06 
 
T 14,16 517.8244 496.6887 486.1209 500.21 ± 13.18 
U 14,16 593.867 572.2718 604.6646 590.27 ± 13.47 
V 14,16 758.1039 745.0331 679.6793 727.61 ± 34.31 
 
R 18,20 623.89 581.49 623.89 609.76 ± 19.99 714.91 ± 88.86 
S 18,20 807.12 782.29 831.95 807.12 ± 20.28 
 
T 18,20 662.25 696.74 689.85 682.95 ± 14.90 
U 18,20 881.62 894.04 720.20 831.95 ± 79.19 
V 18,20 657.38 628.17 642.77 642.77 ± 11.93 
 
Post-Storage Dry Weight Analysis of Plants Stored for 16 Weeks 
Plant Leaf # μg Quercetin Equivalents/g DW 
+L, 25C 
 
1 2 3 Avg. 
T 11,13 769.2308 752.5084 785.9532 769.23 ± 13.65 
S 11,13 517.3495 548.704 485.995 517.35 ± 25.60 
R 15,17 1798.029 1775.831 2130.997 1901.62 ± 162.45 
V 19,21 278.7068 306.5775 250.8361 278.71 ± 22.76 
U 19,21 501.6722 376.2542 407.6087 428.51 ± 53.29 
-L, 25C 
 
U 11,13 940.6355 909.2809 971.99 940.64 ± 25.60 
T 15,17 1029.748 818.5179 910.9312 919.73 ± 86.46 
V 15,17 1923.077 1881.271 2257.525 2020.62 ± 168.38 
S 19,21 266.5134 203.8043 250.8361 240.39 ± 26.65 
R 19,21 1003.344 1026.148 843.7215 957.74 ± 81.16 
-L, 37C 
 
R 11,13 1254.181 1282.051 1309.922 1282.05 ± 22.76 
V 11,13 1454.849 1304.348 2408.027 1722.41 ± 488.68 
S 15,17 702.3411 627.0903 602.0067 643.81 ± 42.63 
U 15,17 752.5084 836.1204 919.7324 836.12 ± 68.27 
T 19,21 2285.396 2369.008 2396.878 2350.43 ± 47.37 
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Post-Storage Dry Weight Analysis of Plants Stored for 8 Weeks 
Plant Leaf # μg Quercetin Equivalents/g DW 
-L, 25C 
 
1 2 3 Avg. 
J 11,13 2229.021 2167.832 2150.35 2182.40 ± 33.73 
I 15,17 1562.5 738.6364 1676.136 1325.76 ± 417.74 
H 19,21 1031.145 959.596 1039.562 1010.10 ± 35.88 
K 19,21 2621.753 2532.468 2605.519 2586.58 ± 38.83 
L 19,21 3768.939 2367.424 2272.727 2803.03 ± 684.09 
+L, 25C 
 
H 11,13 1883.741 1713.287 1621.503 1739.51 ± 108.65 
K 11,13 3543.388 3491.736 3398.76 3477.96 ± 59.84 
J 15,17 1918.449 1657.754 1704.545 1760.25 ± 113.48 
L 15,17 5090.909 5500 5159.091 5250 ± 178.96 
I 19,21 1909.091 1795.455 1818.182 1840.91 ± 49.10 
-L, 37C 
 
I 11,13 1388.889 1275.253 1376.263 1346.80 ± 50.86 
L 11,13 1628.788 1401.515 1515.152 1515.15 ± 92.78 
H 15,17 1121.542 1032.609 1121.542 1091.90 ± 41.92 
K 15,17 1801.136 1784.091 1789.773 1791.67 ± 7.09 
J 19,21 3775.253 3737.374 3674.242 3728.96 ± 41.67 
 
Post-Storage Dry Weight Analysis of Plants Stored for 4 Weeks 
Plant Leaf # μg Quercetin Equivalents/g DW 
-L, 35C 
 
M 11,13 270.8774 
P 11,13 478.1861 
N 15,17 940.9252 
Q 15,17 248.6477 
O 19,21 476.1905 
-L, 25C 
 
O 11,13 279.0321 
Q 11,13 145.5937 
P 15,17 996.5729 
N 19,21 563.9417 
M 19,21 1411.537 
+L, 25C 
 
N 11,13 1668.618 
M 15,17 722.4305 
O 15,17 336.4817 
P 19,21 584.7953 
Q 19,21 86.58009 
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Post-Storage Dry Weight Analysis of Plants Stored for 1 Week 
Plant Leaf # μg Quercetin Equivalents/g DW 
+L, 
25C  
1 2 3 Avg. 
T 11,13 769.2308 752.5084 785.9532 769.23 ± 13.65 
S 11,13 517.3495 548.704 485.995 517.35 ± 25.60 
R 15,17 1798.029 1775.831 2130.997 1901.62 ± 162.45 
V 19,21 278.7068 306.5775 250.8361 278.71 ± 22.76 
U 19,21 501.6722 376.2542 407.6087 428.51 ± 53.29 
-L, 25C 
 
U 11,13 940.6355 909.2809 971.99 940.64 ± 25.60 
T 15,17 1029.748 818.5179 910.9312 919.73 ± 86.46 
V 15,17 1923.077 1881.271 2257.525 2020.62 ± 168.38 
S 19,21 266.5134 203.8043 250.8361 240.39 ± 26.65 
R 19,21 1003.344 1026.148 843.7215 957.74 ± 81.16 
-L, 37C 
 
R 11,13 1254.181 1282.051 1309.922 1282.05 ± 22.76 
V 11,13 1454.849 1304.348 2408.027 1722.41 ± 488.68 
S 15,17 702.3411 627.0903 602.0067 643.81 ± 42.64 
U 15,17 752.5084 836.1204 919.7324 836.12 ± 68.27 
T 19,21 2285.396 2369.008 2396.878 2350.43 ± 47.37 
 
 
 
 
